Arabidopsis thaliana COP10 (constitutive photomorphogenic 10) is a UEV [Ub (ubiquitin)-conjugating enzyme (E2) variant protein] that is required for repression of seedling photomorphogenesis in darkness. COP10 forms a complex {the CDD complex [COP10-DET1 (de-etiolated 1)-DDB1 (DNA damage binding protein 1) complex]} with DET1 and DDB1a in vivo and can enhance the activity of Ub-conjugating enzyme (E2) in vitro. To investigate whether COP10 might act as a general regulator of E2s, we tested the specificity of COP10 E2 enhancement activity across E2 families of Arabidopsis. We found that COP10 is capable of enhancing members of four E2 subgroups significantly, while having a milder effect on another. Surprisingly, we found that close canonical E2 homologues of COP10, such as UbcH5a (human ubiquitin-conjugating enzyme 5), are also capable of enhancing E2s. Furthermore, we detected direct interactions between COP10 and three of the enhanced E2s, hinting at a possible mechanism for the enhancements. The present study suggests that some E2s, including the generic Ubc4/5p families involved in many processes, might possess dual activities: the formation of the classic E2-Ub thiol ester and the previously unknown E2 enhancement activity. Therefore COP10, despite being a catalytically inactive E2, might still enhance a variety of E2s and regulate numerous aspects of plant development.
INTRODUCTION
Protein ubiquitination is an important post-translational modification process that is employed by eukaryotes to regulate diverse cellular and developmental processes [1] . Protein ubiquitination consists of three steps. First, Ub (ubiquitin) is activated in an ATP-dependent process by a Ub-activating enzyme (E1). Next, activated Ub is transferred to the catalytic cysteine residue of a Ub-conjugating enzyme (E2), resulting in an E2-Ub thiol ester conjugate. Finally, a Ub-protein ligase (E3) promotes the transfer of Ub from the E2-Ub to the substrate protein. Successive rounds of action by these enzymes result in the formation of a poly-Ub chain attached to the substrate protein, which is then recognized and degraded by the 26S proteasome. Apart from directing proteolysis, there is also growing evidence for non-degradative functions of protein ubiquitination [2] .
In search of the components of the light signal transduction pathway in plants, a group of pleiotropic proteins, COP (constitutive photomorphogenic)/DET (de-etiolated)/FUS (fusca), has been identified through genetic screens in Arabidopsis thaliana (thale cress) and, interestingly, all are evolutionarily conserved members of the Ub system [3] . In plants, these proteins are required for the degradation of transcription factors that promote photomorphogenesis. The COP/DET/FUS proteins have now been defined as components of three biochemical entities: the CSN (COP9 signalosome), the COP1 complex and the CDD complex [COP10-DET1-DDB1 (DNA damage binding protein 1) complex]. CSN is a crucial regulator of all cullin-based E3 Ub ligases [4] [5] [6] . The regulatory role of CSN is largely mediated by its isopeptidase activity, which deconjugates Nedd8/RUB1 from cullins [7] . COP1, on the other hand, is an important RING (really interesting new gene)-type E3 Ub ligase, which ubiquitinates a variety of substrates, such as HY5 (long hypocotyl 5) and LAF1 (long after far-red light 1) in plants and p53 in human [8] [9] [10] [11] [12] .
The third complex, the CDD complex, consists of COP10, DET1 and DDB1a [13] . A mammalian counterpart of CDD, the DDD-E2 complex [DET1, DDB1, DDA1 (DET1-and DDB1-associated protein 1) and a UBE2E (Ub-conjugating enzyme E2E) group of canonical E2s], was also recently uncovered [14] . DDB1 has now been established as the adaptor component of CUL4 (CULLIN4)-based E3 ligases, where it connects CUL4-RBX1/ROC1 (RING-box protein 1/RING of cullins 1) to the WD-domain-containing substrate receptor proteins [15] [16] [17] [18] [19] . CDD was shown to associate with CUL4 and form an E3 Ub ligase [20, 21] . However, whether they could act as a bona fide substrate receptor is still not settled, as COP10 and DET1, which contain no WD domains, differ considerably from the prototypical CUL4 substrate receptors. Further, since DET1 was shown to interact with histone H2B, the CDD complex might also regulate gene expression through chromatin remodelling [22, 23] .
COP10 is one of the more intriguing regulators among the COP/DET/FUS proteins. COP10 encodes a UEV [Ubconjugating enzyme (E2) variant protein] [24] . A UEV is an E2-like protein but has no E2 activity. It contains the core Ubconjugating domain of canonical E2s but lacks the catalytic cysteine necessary for forming thiol ester linkage with Ub [25, 26] . COP10, however, represents a novel UEV class as it shows highest homology to the UBE2E family of canonical E2s than to any of the known UEVs, such as UEV1 and TSG101 (tumour susceptibility gene 101 protein). Biochemically, we have previously shown that COP10 has the ability to enhance E2 activity, both in promoting thiol ester formation of AtUBC9 [A. thaliana UBC9 (Ub-conjugating enzyme 9)] and poly-Ub chain formation of UbcH1 and UbcH13/Uev1 [13] .
Like the other pleiotropic COP/DET/FUS proteins, COP10 is essential not only in photomorphogenesis but also in diverse developmental processes in plants. With the cloning of all the Arabidopsis E2s [27] , we attempted to address whether COP10 might act as a general regulator of diverse E2s through enhancing their activities. We found that members of four of the plant E2 subgroups showed significant enhancement by COP10, whereas a milder effect was observed in another group. Further, COP10 has the ability to directly interact with three of the enhanced E2s. Importantly, we found that members of the human UBE2E3, UbcH5 (human Ub-conjugating enzyme 5) and Arabidopsis group VI family of E2s, which are close canonical homologues of COP10, also possess E2 enhancement activity.
EXPERIMENTAL

Bacterial protein expression and purification
The cloning of the Arabidopsis E2s into pDEST17 vector was previously described [27] . N-terminal 6×His-tagged E2s were expressed in Escherichia coli strain BL21 (DE3). Transformed cells were grown at 37
• C for 3 h before induction with 0.5 mM IPTG (isopropyl β-D-thiogalactoside) for a further 3 h at room temperature or 37
• C. Cells were harvested by centrifugation and lysed in lysis buffer containing 50 mM NaH 2 PO 4 , 300 mM NaCl and 10 mM imidazole, at pH 8.0 by sonication. For purification, Ni-NTA (Ni 2+ -nitrilotriacetate)-agarose (Qiagen) was added to cleared lysates and incubated for 1 h at 4 • C. Beads were then washed three times with wash buffer containing 50 mM NaH 2 PO 4 , 300 mM NaCl and 20 mM imidazole, at pH 8.0. The 6×His-tagged proteins were eluted with elution buffer containing 50 mM NaH 2 PO 4 , 300 mM NaCl and 250 mM imidazole, at pH 8.0. Eluted proteins were dialysed in 20 mM Tris/HCl (pH 7.4), 200 mM NaCl and 5 % glycerol overnight at 4
• C. Proteins were stored at -80
• C until needed. Recombinant GST (glutathione transferase; formerly known as glutathione S-transferase)-tagged COP10 were expressed and purified from BL21 codon plus (Stratagene) as described by Suzuki et al. [24] .
GST-UbcH5a, GST-UbcH5a dominant-negative, GSTUbcH5b, His-UbcH6 and His-UbcH6 dominant-negative were purchased from Boston Biochem.
In vitro thiol ester assay
Thiol ester assays were performed in a total reaction volume of 30 μl, consisting of 50 mM Tris/HCl (pH 7.4), 10 mM MgCl 2 , 10 mM ATP, 100 ng of rabbit E1 (Boston Biochem), indicated amount of recombinant E2s, 10 μg of Ub (Boston Biochem) and 2 μM of either GST or GST-COP10. Reactions were incubated for 10 min at 37
• C and terminated by the addition of 8 M urea sample buffer without DTT (dithiothreitol). Samples were then subjected to SDS/PAGE on a 15 % gel. Western blotting was carried out with either penta-His antibody (Qiagen) or monoclonal anti-Ub antibody (clone 6C1; Sigma). At least two similar (titration assays) or three (kinetic assays) experiments were performed for each assayed AtE2s.
Quantification of the E2-Ub signals on a given blot was performed using ImageJ imaging software [NIH (National Institutes of Health), Bethesda, MD, U.S.A.]. For the plots in Figures 1-3 , 'Relative E2-Ub level' represents the relative signal strength of E2-Ub of a given sample over that of the control sample (+GST) at its highest concentration (titration assays) or its longest time point (kinetic assays).
In vitro pull-down assay
Purified recombinant AtE2s were incubated with either GST or GST-COP10 in GST binding buffer (20 mM Tris/HCl, pH 7.5, 150 mM NaCl and 0.1 % Nonidet P40) for 4 h at 4
• C on a rotator. Glutathione-Sepharose 4B beads (GE Healthcare) were then added and incubated for a further 1 h. The beads were washed three times with 1 ml of the GST binding buffer. Bound proteins were eluted in 2×SDS loading buffer at 95
• C for 5 min, separated on SDS/PAGE and detected by Western blotting using penta-His antibody (Qiagen) or anti-GST antibody (GE Healthcare).
RESULTS
COP10 significantly enhances activities of four groups of Arabidopsis E2s
It has been predicted that 37 Ub E2 protein-coding genes are present in the Arabidopsis genome, and they are classified into 14 subgroups based on sequence similarities [27] . Thirteen E2s, representing eight subgroups, were successfully expressed in E. coli as His-tagged proteins and affinity purified. These purified recombinant E2s were functional, as the formation of a thiol ester linkage between the E2s and Ub was detected by in vitro thiol ester assays ( Figures 1 and 2 and [27] ). However, E2s from the remaining six subgroups, which consist of 14 E2s, were mostly insoluble when expressed in E. coli and insect cells, precluding activity assays for these groups ( [27] ; O. S. Lau and X. W. Deng, unpublished work).
We next tested whether COP10 can enhance the activity of representative purified E2s from the eight subgroups. Previously, we have shown E2 enhancement activity of COP10 through detecting its positive effect on Ub chain formation by UbcH13/Uev1 and UbcH1 and on thiol ester formation between Ub and AtUBC8 [13] . Since most E2s do not promote Ub free chain formation in vitro, but rather form a thiol ester linkage with Ub, we examined the possible enrichment of the Ub-E2 thiol ester conjugates of each of the purified E2s with the addition of recombinant COP10.
First, in vitro thiol ester assays were performed with a series of increasing concentrations of E2s (titration assays). This experiment allows us to determine optimal E2 concentrations for better visualization of COP10 enhancement. Through the titration assays, eight E2s representing four subgroups showed significant enrichment of their Ub thiol esters when COP10 was present, whereas the E2s from the remaining four E2 subgroups did not. The enhanced AtE2s are UBC1 and 2 (group III AtE2s; orthologues of yeast Ubc2p/Rad6p and human UbcH2/UBE2A), UBC35 and 36 (group XV; orthologues of Ubc13p and UbcH13/UBE2N), UBC8, 9 and 10 (group VI; orthologues of Ubc4/5p and UbcH5/UBE2D E2 family) and UBC4 (group IV; orthologues of Ubc8p and UBE2H) (Figure 1) .
One example from each group is shown in Figure 1 . Each E2 was mixed with E1 and Ub with either GST-COP10 or control GST proteins (see the Experimental section). A similar experiment was repeated at least once to confirm the results. As shown in Figure 1 without Ub), as the band is DTT sensitive (results not shown). The addition of COP10 considerably enhanced the accumulation of UBC2-Ub (compare lanes 1-4 and 6-9), where UBC2-Ub could then be detected at 0.1 μM and was even more strongly visible at both 0.2 and 0.4 μM. Quantification of the UBC2-Ub level on the blot revealed that COP10 increased the formation of UBC2-Ub 3-fold at 0.2 μM and nearly 2-fold at 0.4 μM ( Figure 1A , lower panel). Similar enhancement by COP10 was observed for AtUBC10, where UBC10-Ub was enhanced 5-fold at 0.2 μM and 2-fold at 0.4 μM ( Figure 1B) . Group VI AtE2s, such as UBC10, form doublets when assayed under non-reducing conditions [13, 27] . Thus the Ub thiol ester of UBC10 appeared as a doublet (compare lanes 4 and 5). An even more dramatic enhancement by COP10 was observed for AtUBC35 ( Figure 1C ). AtUBC35's E2 activity alone was so low that its Ub conjugate could not be detected under the assayed conditions (lanes 1-4) . In the presence of COP10, however, the accumulation of UBC35-Ub was greatly enhanced (lanes 6-9). The enhancements were 15-fold at 0.8 μM and 40-fold at 1.8 μM. Lastly, the group IV AtE2 UBC4 was also enhanced, 6-fold at 1.4 μM, by COP10 ( Figure 1D, compare lanes 3 and 7) . UBC4, however, behaved atypically under non-reducing conditions as most of them formed high-molecular-mass aggregates in the absence of DTT (compare lanes 4 and 9). From the above results, we conclude that COP10 is able to enhance four subgroups of Arabidopsis E2s.
An additional E2 group showed weak enhancement by COP10
Four AtE2s representing four subgroups did not show enhancement by COP10 in the titration assays: UBC19 (group VIII AtE2; orthologues of yeast Ubc11p and human UbcH10/UBE2C), UBC22 (group X; orthologues of HsEPF5/UBE2S), UBC27 (group XII; orthologues of Ubc1p and UbcH1/UBE2K) and UBC32 (group XIV; orthologues of Ubc6p and UBE2J). To test whether there might be slight enhancements of these E2s by COP10 that could not be detected by the titration method, we carried out a more sensitive kinetic assay. Through the kinetic assays, one E2, AtUBC19, showed a weak but repeatable enhancement by COP10 (Figure 2A ). As shown, COP10 accelerated UBC19-Ub formation, where UBC19-Ub could be first detected at 15 s, compared with 30 s without COP10, and its amount was higher at each of the subsequent time points (compare lanes 1-5 and 6-10). By quantification of the UBC19-Ub levels, the rate of UBC19-Ub formation in the presence GST-COP10 was estimated to be 1.5-fold higher than with GST. However, the kinetic results of UBC22 and UBC27 were not able to be confirmed in repeated experiments (results not shown). Unexpectedly, the activity of UBC32, a membranebound E2, appears to be repressed by COP10 ( Figure 2B) . However, the recombinant UBC32 might not behave normally as it was expressed as a truncated form, which lacked its C-terminal transmembrane domains to improve its solubility [27] . Taken together, our kinetic assays on the remaining E2s revealed an additional E2 group that could be enhanced by COP10 albeit with a weaker effect.
Close canonical E2 homologues of COP10 also possess E2 enhancement activity
As mentioned, COP10 is distinct from other known UEVs and has a rather high homology with canonical E2s [24] . We next asked whether the closely related E2s of COP10 also have E2 enhancement activities. COP10 is most closely related to the human UBE2E family of canonical Ub E2s, which includes UbcH6/UBE2E1 (57 % identical and 77 % similar). They both contain an N-terminal extension and, interestingly, both are able to form a complex with DET1 and DDB1 [14] . COP10 also shares a high degree of similarity with the human UbcH5/UBE2D E2 family (55 % identical and 78 % similar) and Arabidopsis group VI E2s (48 % identical and 73 % similar), which lack an N-terminal extension. COP10, UBE2Es, UbcH5/UBE2Ds and the group VI E2s all belong to the yeast Ubc4/5p family of E2 enzymes ( Figure 5 ).
First, we tested whether UbcH6 is able to enhance the activity of another E2. GST-tagged UbcH5a was used in this assay in order to distinguish its Ub thiol ester from that of UbcH6. In addition, since COP10 is an UEV, a catalytic cysteine-mutant form of UbcH6 (cysteine to serine, or C→S) was also included in our assay to test whether being a UEV is necessary for the enhancing activity. As would be expected, the UbcH6(C→S) mutant was able to strongly enhance the formation of GST-UbcH5a-Ub, leading to an almost 30-fold increase at 0.2 μM and 1.6-fold increase at 0.4 μM in the titration assay ( Figure 3A , compare lanes 2-4 and lane [8] [9] [10] . Interestingly, the canonical UbcH6 could also enhance E2 activity of GST-UbcH5a in a similar fashion (compare lanes 2-4 and 5-7). Next, we tested the possible E2 enhancing activity of UbcH5a. In this assay, we used AtUBC1-Ub as a readout of the effect of GST-UbcH5a and GST-UbcH5a(C→S). Remarkably, UbcH5a, in both its canonical and catalytically inactive mutant forms, showed an E2 enhancing activity like COP10 ( Figure 3B , compare lanes 2-4, 5-7 and 8-10). The enhancements were roughly 10-fold at 0.2 μM AtUBC1 and 6.5-fold at 0.4 μM. We also tested another member of the UbcH5 family, UbcH5b, and similar results were obtained ( Figure 3C) . Finally, AtUBC9, a member of Arabidopsis group VI E2s, also noticeably enhanced the E2
Figure 4 Direct interactions between COP10 and E2s
In vitro pull-down assays were performed between GST-COP10 and various recombinant E2s using glutathione-Sepharose. GST was used as a negative control. activity of GST-UbcH5a, although in a less dramatic fashion ( Figure 3D ). With the addition of UBC9, GST-UbcH5a-Ub could then be detected at 0.1 μM and a 3-fold increase was observed at 0.2 μM (compare lanes 2, 3 and 5, 6). We conclude from these results that close functional E2 homologues of COP10 possess E2 enhancement activities and that being catalytically inactive is not a requirement for this activity.
Direct interaction between COP10 and E2s
We next attempted to address the mechanism of the enhancement activity of COP10. COP10 may enhance E2-Ub formation through interacting with E1, E2 or Ub, so as to facilitate Ub transfer from E1 to E2, or to inhibit hydrolysis of E2-Ub. Since COP10 does not affect E1 activity [13] , the putative COP10-E1 interaction seems unlikely to account for the enhancement activity.
A non-covalent interaction between the UbcH5 family of E2s and Ub has recently been reported [28] . The interaction site on the E2 is distinct from its active site and is important for the self-assembly of UbcH5c-Ub and its promotion of poly-Ub chain formation of BRCA1 (breast-cancer susceptibility gene 1)-directed ubiquitination. Despite the similarity between COP10 and UbcH5 E2s, no interaction between COP10 and Ub was detected by NMR [29] , suggesting that COP10 E2 enhancement activity is not through interaction with Ub.
Next, we tested for a direct interaction between COP10 and representative E2s from the four COP10-enhanced subgroups that were positive in the titration assays (Figures 1 and 5) . To Arabidopsis E2s were grouped by sequence similarity to their E2 subgroups marked by roman numerals [27] . Their orthologues in yeast (Saccharomyces cerevisiae) and human are also shown. E2 enhancement by COP10 was assayed by detecting the formation of thiol ester linkage between E2 and Ub in either a titration assay (Figure 1 ) or a kinetic assay (Figure 2) . n.d., not determined; -, no enhancement observed; +, enhancement observed; 'is', insoluble; n.c., not confirmed;
* , COP10 is a UEV, whereas its 'orthologues' are canonical E2s.
our surprise, a direct interaction between recombinant GST-COP10 and three of the E2s were detected by in vitro GST pull-down assays (Figure 4 ). These E2s, which belong to three different subgroups, are AtUBC9, UBC1 and UBC4 ( Figures 4A-4C ). However, interaction between COP10 and UBC35, which is from the remaining subgroup, were too weak to be confirmed ( Figure 4D ). We also tested for interactions between COP10 and E2s from the remaining subgroups but the results were negative (results not shown). Thus our results suggest that COP10 has specific affinities for multiple E2s and that the interaction might be relevant for the COP10 E2 enhancement activity.
DISCUSSION
In the Arabidopsis genome, there are an estimated 1400 genes (∼ 5 % of its proteome) encoding components of the Ub system [30] . Nevertheless, there are only two E1s and 37 E2s serving more than 1300 E3 subunits, where E3 provides specificity to the ubiquitination of target proteins. Conceivably, defects in the components higher in the hierarchy could compromise a great number of cellular and developmental processes [4] . Although the E3 activities have been intensively studied, relatively little is known about the regulation of E1 and E2s. In the present study, we have explored the effect of COP10 across Arabidopsis E2s. We found that COP10 can markedly enhance the activities of multiple E2 subgroups to various degrees (summarized in Figure 5 ). Although the effect has yet to be verified in vivo, the E2 enhancing activity of COP10 might be part of the molecular basis of the pleiotropic phenotype observed in cop10 mutants. Eight AtE2s from groups III, IV, VI and XV were found to be greatly enhanced by COP10 ( Figure 5 ). Group VI is the largest E2 group in Arabidopsis, which has eight members: UBC8-12 and 28-30, which are orthologues of ScUbc4/5p and the HsUbcH5/UBE2D family. This group of E2s is regarded as the generic E2s because they are able to support poly-Ub of most E3s in vitro [31] . Indeed, in plants, group VI E2s were active with 46 out of 64 single RING E3s tested [27] . Importantly, COP10 and this group of E2s have been shown to interact both in vivo and in vitro ([13] and the present study). Therefore an effect of COP10 on this group of E2s could suggest a major regulatory role in the Ub system in plants. From our earlier study, COP10, as part of the CDD complex, can form a stable holo-complex with Arabidopsis CUL4-RBX1/ROC1 [21] . Alone, recombinant CUL4-RBX1 works with AtUBC8, a group VI member, in promoting poly-Ub chain formation on RBX1. Addition of the CDD complex markedly enhanced the UBC8-mediated polyubiquitination process [21] . Furthermore, in a similar assay with human Cul4A, a catalytically inactive UBE2E3 (cysteine to serine mutant) alone, representing a COP10 human 'orthologue', also increased the formation of poly-Ub chains by a human Cul4A immunocomplex and UbcH5c [14] . Thus these results further support that COP10 has the ability to enhance this group of E2s, both in thiol ester formation and the E3-induced polyubiquitination. Importantly, it appears that the COP10 enhancement in thiol ester formation could translate into a positive effect during ubiquitination reaction by E3s, which is more physiologically relevant.
Group XV E2s, which consist of UBC35 and UBC36 [32] , responded to COP10 most strongly, because, in the absence of COP10, UBC35 activity was very low ( Figure 1C ). These two E2s are orthologues of ScUbc13p and HsUbcH13/UBE2N, which form a heterodimeric complex with Mms2p/Uev1a and catalyse the formation of Lys 63 -linked poly-Ub chains in DNA damage repair pathways [33, 34] . The strong stimulation of UBC35-Ub by COP10 is consistent with our previous report that COP10 could act as a strong enhancer for UbcH13-Uev1a-mediated Lys 63 -linked polyubiquitination [13] . This also serves as another piece of evidence that the enhancement in thiol ester formation could lead to the enhancement in Ub chain formation. It would be interesting to see if cop10 mutants have defects in DNA damage response.
The group III E2s (AtUBC1-3) [35] , which are orthologues of ScRad6p and HsUbcH2/UBE2A, play important roles in postreplication DNA repair and proteolysis of N-end rule protein substrates [36, 37] . Besides enhancing its activity, we have shown that COP10 can directly interact with UBC1 ( Figure 4B ). However, using anti-RAD6 (radiation sensitivity protein 6) antibody, we failed to detect their interaction in vivo [13] . It could be due to the low expression at the assayed seedling stage, since a study in rice has shown that its expression was restricted to the shoot apical meristem and was induced by UVand DNA-damaging agents [38] . Finally, in the fourth induced group, group IV (AtUBC4-6) [35] , an interaction between UBC4 and COP10 was detected in vitro ( Figure 4C ). They are orthologues of ScUbc8p and HsUBE2H and contain an acidic tail at their C-terminus. In yeast, Ubc8p functions in the catabolic degradation of fructose-1,6-bisphosphate [39] . However, the role of its orthologues in multicellular organisms remains unclear.
We have demonstrated that the E2 enhancing activity of COP10 is conserved in its human 'orthologue' UbcH6/UBE2E1, a canonical E2, and that the serine residue at the catalytic site is not required for the activity ( Figure 3A) . Moreover, we have found that the canonical UbcH5 group of E2s and AtUBC9 can also act as an E2 enhancer ( Figure 3B-3D ). This indicates that the E2 enhancing activity is a feature conserved in the Ubc4/5p group of E2s. Taken together, our results suggest that the Ubc4/5p group of E2s has dual functions: (i) transfer of Ub via E2-Ub thiol ester conjugates and (ii) enhancement of the activity of other E2s in a thiol ester-independent manner. As discussed, enhancement in the E2-Ub thiol ester formation seems to correlate with Ub chain formation, and therefore might be relevant in promoting substrate polyubiquitination by E3s. It could also underlie the potency and versatility of this group of E2s, which is so active in in vitro ubiquitination assays. Although COP10 is defective in Ub transfer, it could still function as an E2 enhancer in promoting polyubiquitination.
It is interesting that COP10 can directly interact with a number of E2s. Direct interactions between E2s have not been reported other than the E2-UEV heterodimer of Ubc13p-Mms2p [33] . Nevertheless, synthetic E2-E2 dimerizations have been implicated in enhancing E2 activities [40, 41] . Dimers of GSTfused E2-25K core and either GST-or FKBP [FK506-binding protein (FK506 is an immunosuppressant macrolide)]-fused Cdc34 resulted in a marked increase in poly-Ub chain formation by the two E2s. Interactions between COP10 and three out of four AtE2s, whose activities could be markedly enhanced by COP10, were detected through in vitro pull-down assays (Figure 4) . The interaction might be transient in nature, however, as the pull-down signals were relatively weak and the COP10-UBC35 interaction could not be confirmed. It is possible that the binding of COP10 to E2 is related to its enhancing ability. Although the mechanism of the enhancement still remains unclear, the observed E2 enhancement activity in the present study probably works in a similar manner as the fused E2s. Distinctively, however, COP10 has an intrinsic tendency to interact with and enhance E2s.
In plants, COP10 mainly exists as part of the nuclearlocalized CDD complex, which suggests that most of the COP10 E2 enhancement activity is confined to this CUL4-interacting complex [13, 21, 24] . Although DET1, in the form of the E2-less human DDD complex (DET1-DDB1-DDA1 complex, without a UBE2E E2), has been shown to have an inhibitory effect on CUL4 E3 activity, the presence of COP10 in the plant CDD complex can overwrite the negative effect of DET1 and promote Ub chain formation [14, 21] . As mentioned earlier, an in vivo association between COP10 and a group VI E2(s) in Arabidopsis was demonstrated in our previous study (by pull-down assay using an anti-UbcH5 antibody) [13] . Thus we propose that COP10, through DET1 and DDB1, acts as a specific E2 enhancer for CUL4-based E3 ligases for proper ubiquitination of their substrates, such as the photomorphogenesis-promoting factors and, as a result, is involved in a diverse array of cellular and developmental processes.
